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ABSTRACT 


The need to have materials which can respond satisfactorily to dynamic changes encountered in service conditions have 
driven engineering and scientific researchers into fabrication of a unique class of engineering materials known as 
functionally graded materials (FGM). Consisting of a combination of metal and ceramic reinforcement, FGM exhibit 
properties which are not achievable with monolithic materials. In this study, the author studied the impact of the variation 
in size and weight-percent of silicon carbide (SiC) reinforcement particles on the properties of fabricated Al-SiC FGM 
composites. Two sets containing three FGM samples were fabricated. The SiC configuration by weight-percent and size 
were (I wt.%, 3 wt.%, 5 wt.%) 7 um and (1 wt.%, 3 wt.%, 5 wt.%) 15 um. A seventh sample containing 0% SiC was used 
as a control. The experimental results indicate that the introduction of SiC reinforcement into the matrix impacts on the 


compressive and shear behavior of aluminum A356 alloy. The sample with the combination of the finest granularity (7 


pum) and highest percentage-weight (5 wt.%) displayed the highest compressive strength and Young’s modulus values of 
3.11 GPa and 6.39 GPa respectively, with a shear strength and shear modulus of 14.4 GPa and 9.29 GPa respectively. 
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1. INTRODUCTION 


Metal matrix composites (MMCs) are materials with wide range of engineering applications and potentials [1]. 
During service, MMCs are subjected to varied load capacities, which oftentimes are at elevated temperatures. In 
automobile manufacture, parts such as the pistons and the shock absorbers are required to retain their structural 
integrity under compressive forces, hence, the compressive properties of the engineering material adopted for the 
production of these parts are of great importance. Properties such as yield strength and modulus are also critical 


engineering properties in relation to automobile applications. 


Modern engineering applications have highlighted the need for materials with dynamic property 
combinations such as, strength, toughness, thermal and wear resistivity, among others. Achieving these property 
combinations was a huge challenge in times past, more so with monolithic materials. Traditionally, the choice of 
monolithic material in an engineering application aims to tackle a specific engineering challenge [2]. Herein lies the 
limitation of these type of materials. This limitation has driven research into the development of advanced 
engineering materials capable of exhibiting contradictory properties in extreme service conditions without 


compromise to their structural integrity. 


In a bid to manufacture tailor-made materials for specific engineering applications, the concepts of 


materials alloying and composites manufacture has come to the fore. The applications of alloys and composites date 
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as far back as 2000 BC in the making of various tools and weapons. Alloys are a combination of two or more different 
materials, usually in liquid phase, to obtain a unique material with properties different from the parent materials after 
solidification. Composite materials are special engineering materials developed from the combination of two or more 
materials, usually in different phases. The individual materials that make up an alloy are indistinguishable from each other 
after solidification, but the material constituents of composites can be distinguished under microscopic examination. 
Furthermore, regarding composite formation, the position of reinforcing materials within the base matrix of the composite 
material can be influenced so as to obtain or improve on the desired property(ies) required of the material. As technology 
advances, the importance of alloys and composite materials for various automobile, spacecraft, military, electronic and 
medical applications cannot be overemphasized. Research into various types of composite materials such as polymer matrix 
[3, 4], carbon matrix, ceramics matrix [5] and metal matrix composites [6, 7] have been on the increase in recent years as 
researchers are constantly seeking ingenious ways to develop materials to meet the ever-dynamic engineering demands of 


modern times. 


Metal matrix composites are engineering materials made up of two or more materials with one of the materials (the 
matrix) being metal and the other material(s) (the reinforcement) being a ceramic or organic material [8]. The retnforcement 
materials, introduced to the matrix material to improve on their properties, can be in the form of particulates or a continuous 
or discontinuous fiber. Particulate reinforcement has often been favored over fiber reinforcement due to the ability to control 
the resulting composites’ properties by varying the granularity and volume ratio of the reinforcement [9, 10]. Aluminum has 
found use in various engineering applications owing to its properties of formability, good ductility, lightweight as well as its 
abundance in nature [11]. When reinforced with particles of ceramics such as SiC in adequate proportion and particle size, 
the mechanical properties of aluminum alloy can be improved upon. Numerous research studies on the effects of 


reinforcements on the behavior of aluminum metal during service have been conducted. 


In a study conducted by Xiaoyu, et al. [12], the effect of melting temperature, mold temperature and rotating speed 
on the microstructure and the mechanical behavior of fabricated Al-SiC piston was investigated. The gradient distribution of 
the reinforcing particles was attributed to the centrifugal force which acted on the particles in the aluminum matrix during 
the casting process, thereby forcing a larger concentration of the particles towards the head of the piston. The good wear and 
hardness properties subsequently observed at the piston head was attributed to the presence of the SiC reinforcement. In a 
similar research conducted by Pawar and Utpat [13], a composite material using SiC reinforcement in aluminum matrix was 
fabricated through centrifugal casting technique. The authors sought to determine the suitability of this type of material 
composite 1n the production of power transmission elements such as gears. The hardness and the toughness of the fabricated 
composite was reported to have increased with an increase in the SiC content of the material. Using modelling and finite 
element analysis, the suitability of the material as a power transmission material was further established by the authors. The 
suitability of aluminum composites in the production of electrical and electronic parts due to good coefficient of thermal 


expansion have been established in literature [8, 14, 15]. 


Radhika and Raghu [16] conducted a study on the effect of different types of reinforcing particles, BaC, SiC, Al2O3 
and TiB2z, on the mechanical behavior of Al-12Si-Cu-based composite fabricated through a centrifugal technique. It was 
reported that the outer zone of the fabricated hollow cylindrical composite exhibited a higher hardness value when compared 
to the middle and the inner zone of the composite. This was attributed to the presence of a concentrated amount of the 


reinforcement particles observed at the outer zone and none at the core where the effect of centrifugal force is least. From 
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the four composites fabricated, Al/TiB2 composite was found to exhibit the lowest wear rate due to the high density of the 
TiB2 reinforcement [16]. Furthermore, a change in the concentration of reinforcement in the matrix of fabricated FGM 


composites have been reported in literature [17, 18]. 


Functionally graded materials (FGM) are a unique type of engineering materials with compositional and property 
variances along the material’s geometry. The concept of FGM arose from the need to manufacture an engineering material 
whose behavior can be influenced in a gradient pattern across its length or cross-section in a controlled process, to suit a 
predetermined application. In other words, the properties of the FGM such as mechanical, thermal, tribological, and electrical 
are influenced across the material bulk by closely varying the concentration of the reinforcement material within the matrix. 
The interest in FGMs and their potential applications in industries such as aviation, medical, automobile, and military have 
driven engineers into in-depth research on the various fabrication and optimal processing techniques in the manufacture of 
FGMs. Fabrication techniques such as deposition [19, 20], powder metallurgy [21], and casting techniques [22, 23] have 


been conducted and well documented in literature. 


In this study, the author aimed to fabricate a functionally graded Al-SiC, composites by means of a liquid metallurgy 
process. The impact of increase in size and weight-percent of SiC particle addition, on the compressive and shear strength 
behavior of fabricated composite was studied and reported on accordingly. The composite materials were fabricated using 
centrifugal casting techniques. This technique has been identified in literature as the most suitable casting process due to its 


cost-effectiveness for mass production, relative ease of operation, and flexibility of process [24, 25]. 
2. MATERIALS AND METHODOLOGY 


Commercially pure aluminum ingots and silicon carbide particles were adopted as the base matrix and reinforcement for the 
cast composites fabricated through centrifugal technique. Varied weight-percent of the SiC particles with average sizes 7 um 


and 15 um were introduces into the matrix to produce Al-SiC composites. 


Each composite material was prepared by determining the weight of the aluminum ingots and then charging it into 
the furnace with the temperature set to 750 °C. With the aid of a mechanical stirrer, the molten aluminum was stirred to 
create a vortex into which a measured weight-percent (1, 3, and 5) of the SiC particle reinforcement, preheated at 300 °C, 
was introduced. The stirring continued until the reinforcement particles were homogeneously dispersed in the aluminum 
matrix. The molten composite was poured into the vertical rotating mold cavity of a centrifugal machine. The distance 
travelled by individual reinforcement particle along the cross-section of cast samples has been found to be influenced by the 
density differential between the matrix and the reinforcements, the size and shape of the particles and the centrifugal force 


exerted on the individual particles [26]. The parameters adopted for the casting process are shown in Table 1. 


Table 1: Casting Parameters 


Melting temperature 750 °C 
Melting Time 


Reinforcement preheated temp | 300 °C 
Rotating speed of mold 800 rpm 





Six composite samples were fabricated from different combinations of the SiC reinforcement weight-percent and 
sizes. The seventh sample had 0 % reinforcement addition and served as a control sample. The samples were prepared for 


the compression test in accordance to ASTM E9 standard. The SiC specification contained in the individual cast samples are 
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Shown in Table 2. 


Table 2: Matrix-Reinforcement Specification of Fabricated Composites 


| __—SampleLabel | A | B | C| D/ E | F/G | 


PSIC we eee) es! 
| Average SiC, size(um) | 7: | 7 | 7 | - | 15 | 15 | 15 | 





Energy dispersive X-ray analysis (EDX) performed on the cast FGM composites shows the elemental constituents 
of each sample as illustrated in Table 3. The SiC reinforcement particle was determined to contain 54.36% Si, 42.63% C, 


and 3.01% O. 


Table 3: eee Constituent of the Fabricated Al-SiC Composites 


| Sample | Si(%) | C(%) | O(%) | Fe(%) | Al(%) | 
| A | 085 | 5.81 | 1.28 | 0.95 | Remainder _| 
| BB | 093 | 7.04 | 180 | 0.81 | Remainder __| 
| D | - | 5.83 | 152 | 0.36 | Remainder __| 
| oF | 087 | 7.08 | 185 | 0.69 | Remainder __| 





The SiC particles as observed under SEM imaging in figure | showed that the individual particles of the SiC 
reinforcements were irregularly shaped with jagged edges possibly as a result of crushing of the particles to desired sizes. 


The spacing between the silicon and carbon particles in a SiC atom is reported in literature to be about 1.46 A. 





Figure 1: SEM Morphology of (a) 7 wm and (b) 15 um SiC Reinforcement Particles. 


SiC has been reported to possess properties such as high thermal stability, high wear resistance, hardness, and high 
melting temperature, and low manufacturing cost [27, 28], making it one of the most suitable reinforcement materials in the 
fabrication of metal matrix composites. Good wettability and relatively non-chemical reaction with reinforced matrix at 


elevated temperatures also lends support to the use of SiC as reinforcement [29, 30]. 
3. RESULTS AND DISCUSSIONS 


Compression tests were carried out on the fabricated FGM samples to determine the impact of the size variance and weight- 


percent of the reinforcement particles on the cast samples. Readings obtained from the MTS universal testing machine for 
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each sample were documented and compared against each other. 
3.1 Compressive Strength of Fabricated FGM Composites 


A compressive strength test was carried out on the prepared FGM samples at a constant load rate of 0.3 kN/s, using the MTS 
universal testing machine. The maximum loads at which each sample failed under compressive force were recorded and used 


in calculating their individual compressive strength values. Figure 2 shows the test samples after the compression test. 





Figure 2: Composite Samples after Compression Test. 


It was observed that the inclusion of SiC particles into the aluminum matrix improved the compressive strength of 
the composite. When the compressive strengths of samples which containing reinforcements of the same particle sizes were 
calculated, it was observed that the value of the compressive strength of the material increased as the weight-percent of the 
particle in the material increased. Samples A, B, and C, which contained | wt.%, 3 wt.%, and 5 wt.% of 7 um of SiC 
reinforcement respectively, displayed a compressive strength of 2038 MPa, 2316 MPa, and 3107 MPa respectively. A similar 
pattern was observed for samples E, F, and G with 1 wt.%, 3 wt.%, and 5 wt.% of 15 um of SiC reinforcement respectively 
having compressive strength of 1859 MPa, 2126 MPa, and 2271 MPa respectively. The compressive strength value of 1176 
MPa was measured for sample D which had no SiC reinforcement. In summary, the results show that the sample with the 
combination of the smallest size, and the most percentage-weight of SiC particle reinforcement exhibited the highest 
compressive strength property as shown in figure 3. This result agrees with findings in literature [9, 31, 32] on the effects of 


particulate reinforcement addition on the compressive strength properties of aluminum matrix. 
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Figure 3: Compressive Strength of Fabricated FGM Samples. 


3.2 Young’s Modulus of Fabricated FGM Composites 

The young’s modulus of each fabricated composite sample, was calculated from the reading obtained from the UTM. 
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Figure 4: Young's Modulus of Fabricated Composite. 


The Young’s moduli of the fabricated composites were observed to follow a similar trend regarding the materials’ 
compressive strength with the samples A, B, and C possessing Young’s moduli of 4.54 GPa, 4.75 GPa, and 6.39 GPa 
respectively, while samples E, F, and G had Young’s moduli values of 3.68 GPa, 4.12 GPa, and 4.57 GPa respectively. 
Sample D with no SiC reinforcement had a modulus value of 3.34 GPa. The composite sample which contained the 
combination of the finest particle size of 7 um and the most weight-percent of 5 wt.% (sample C) had the highest young’s 


modulus value of 6.39 GPa as shown in Figure 4. 
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3.3 Shear Strength and Modulus of Fabricated FGM Composites 


The shear strength analysis was carried out using the MTS universal testing machine by applying a shear force perpendicular 
to the surface of the fabricated composites. The maximum force required to cause each composite to fail was recorded and 
was used to determine their shear strength values. Samples A, B, and C reinforced with SiC particle size of 7 um and 1 %, 3 
%, and 5 % by weight gave shear strength values of 8.79 GPa, 10.8 GPa, and 14.4 GPa respectively, while samples E, F, and 
G reinforced with SiC particle size of 15 um and 1| wt.%, 3 wt.%, and 5 wt.% by weight displayed shear strength values of 
6.97 GPa, 7.18 GPa, and 8.18 GPa respectively. Sample D having no reinforcement addition displayed the least shear strength 
value of 4.93 GPa. Figure 5 shows the composite samples after shearing while Figure 6 is a plot showing the shear strength 


and shear modulus all the fabricated FGM samples. 





Figure 5: Composite Samples after Shearing. 


The cast composites’ shear moduli shown as a line graph in figure 5 was obtained from data generated from the 
MTS universal testing machine during shear test. The shear moduli for samples A, B and C were 7.55 GPa, 8.47 GPa, and 
9.29 GPa respectively, while samples E, F, and G had values of 7.15 GPa, 7.17 GPa, and 7.48 GPa respectively. Sample D 


with no reinforcement addition gave a modulus of 4.22 GPa. 
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Figure 6: Shear Strength and Shear Modulus all the Fabricated FGM Samples. 


The overall mechanical properties of sample C were observed to be higher than the other cast composites having 
shear strength and shear modulus values of 14.4 GPa and 9.29 GPa. The improved shear values can be attributed to the fine 


particle size and the high weight-percent of the reinforcement in the sample's matrix. This result agrees with results obtained 
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from the work done by Ye, et al. [33] and Rahman and Al Rashed [34]. 
4. CONCLUSIONS 


In this paper, functionally graded aluminum metal matrix composites were manufactures through a centrifugal casting 
technique using predetermined process parameters. The effect of SiC (particle size and weight percent) addition on the 
compressive and shear properties of the resulting Al-SiC composites were studied and the following conclusions were 


reached: 


e Gradient distribution of SiC particles was achieved through the centrifugal force acting on the reinforcement 


particles during centrifugal casting process. 


e The addition of SiC particle reinforcement to the matrix of aluminum alloy significantly improved the compressive 


and shear strength of the resulting FGM composites. 


e Increasing the reinforcement particle ratio in the cast matrix produced a corresponding improvement in the strength 


of the cast FGM composites. 


e The size of particle reinforcement influenced the properties of the cast composites. The composite samples 
reinforced with particle size of 7 um of SiC displayed higher compressive and shear strength values when compared 


to corresponding composite samples reinforced with particle size of 15 um of SiC. 
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